ABSTRACT The photosynthetic apparatus of purple bacteria is contained within organelles called chromatophores, which form as extensions of the cytoplasmic membrane. The shape of these chromatophores can be spherical (as in Rhodobacter sphaeroides), lamellar (as in Rhodopseudomonas acidophila and Phaeospirillum molischianum), or tubular (as in certain Rb. sphaeroides mutants). Chromatophore shape is thought to be influenced by the integral membrane proteins Light Harvesting Complexes I and II (LH1 and LH2), which pack tightly together in the chromatophore. It has been suggested that the shape of LH2, together with its close packing in the membrane, induces membrane curvature. The mechanism of LH2-induced curvature is explored via molecular dynamics simulations of multiple LH2 complexes in a membrane patch. LH2s from three speciesRb. sphaeroides, Rps. acidophila, and Phsp. molischianum-were simulated in different packing arrangements. In each case, the LH2s pack together and tilt with respect to neighboring LH2s in a way that produces an overall curvature. This curvature appears to be driven by a combination of LH2's shape and electrostatic forces that are modulated by the presence of wellconserved cytoplasmic charged residues, the removal of which inhibits LH2 curvature. The interaction of LH2s and an LH1 monomer is also explored, and it suggests that curvature is diminished by the presence of LH1 monomers. The implications of our results for chromatophore shape are discussed.
INTRODUCTION
Chromatophores are extensions of the bacterial cytoplasmic membrane that form to house the photosynthetic apparatus in purple photosynthetic bacteria. There is a wealth of information on chromatophore structures, not least because the bacterial photosynthetic unit has long been studied as an exemplary photosynthetic system (see (1-3) for reviews). There is significant variation in chromatophore shape among species, including small vesicles in Rhodobacter sphaeroides and Rhodobacter capsulatus, flat lamellar folds in Rhodopseudomonas acidophila and Phaeospirillum molischianum, and long tubules in certain Rb. sphaeroides mutants (4) (5) (6) . It is known that these structures (vesicles, folds, or tubes) form directly after the aggregation of the Light-Harvesting Complexes I and II (LH1 and LH2) in the cytoplasmic membrane, so it is tempting to think that the aggregation of these proteins induces chromatophore formation. Recent molecular dynamics and Monte Carlo simulations have explored the connection between aggregation and structure formation, finding that the individual LH1 and LH2 proteins can induce curvature (7) , and that the aggregation of many curvature-inducing bodies can cause chromatophore vesiculation (8) .
This report extends the preliminary work done in Chandler et al. (7) , where it was found that hexagonally packed aggregates of seven LH2s could interact in a way that produces an overall curvature. Here, we further explore the factors underlying this curvature behavior and suggest that it arises from a combination of packing and electrostatic interactions. We also find that aggregates of LH2s from all species induce curvature, regardless of the natural chromatophore shape of those species (see Fig. 1 for a full sequence comparison). In particular, it came as some surprise that LH2s from Rps. acidophila and Phsp. molischianum induce curvature, since both of these species have lamellar chromatophores. We previously suggested that since both of these species contain monomeric LH1s, perhaps the interaction of LH1 monomers with LH2s reduces the overall curvature. We explored these LH1-LH2 interactions by simulating an LH1 monomer surrounded by LH2s, finding that the curvature induced in this case is indeed substantially less than that induced by LH2s alone. The results reported here represent simulations of 880,000-1.7 million atoms, over a combined total time of 170 ns.
METHODS

LH2 assemblies
Several LH2 assemblies were constructed; all contain seven LH2s placed in a 300 Â 300 Å nonperiodic membrane patch composed of 50% 1-palmitoyl-2-oleoylphosphatidylethanolamine (POPE) and 50% 1-palmitoyl-2-oleoylphosphatidylglycerol (POPG) lipids; an example system is depicted in Fig. 2 E. As discussed in Chandler et al. (7) , the system was constructed so that water separates the membrane patch from its periodic images, due to the concern that a continuous membrane would resist curvature. There are several experimental reports on the lipid content of purple bacterial cytoplasmic and chromatophore membranes, which suggest that the membrane mainly consists of phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and phosphatidylcholine (PC) lipids, but which are inconsistent in terms of individual percentages (9-12). Additionally, the distribution of the charged PG lipids is likely to be asymmetric, with the majority of the PG found on the periplasmic side of the membrane (13) . We chose a simple, symmetric lipid distribution to decouple the curvature effect due to the LH2 proteins from any possible spurious peripheral effect resulting from an asymmetric lipid distribution.
Two packing arrangements were considered, referred to as the closely packed and sparsely packed arrangements. In the closely packed arrangement, adjacent LH2s are in direct contact, with no lipids in between; in the sparsely packed arrangement, approximately a single layer of lipids separates adjacent LH2s. The mutual rotational orientation of the LH2s is not known, as atomic force microscopy (AFM) images do not show this level of detail. In our simulations, we chose to translate each of the outer ring LH2s away from the central one without rotating it. However, due to the ninefold symmetry of Rps. acidophila LH2 (eightfold for Phsp. molischianum) the rotational orientation can matter only within a range of [40] [41] [42] [43] [44] [45] . We simulated LH2s from three species, using the crystal structures for Rps. acidophila and Phsp. molischianum, and a homology model for Rb. sphaeroides, as described in Chandler et al. (7) . To probe the importance of charged residues on LH2 curvature, we created both mutant Rps. acidophila and Phsp. molischianum LH2s by mutating charged residues to alanine, as well as neutral LH2s by replacing the charged residues with their uncharged analogs (14) . In each case, the membrane patch was placed in a water box composed of explicit TIP3 water, and the system charge was neutralized by the addition of sodium ions. The set of simulations performed is listed in Table 1 (simulations from Chandler et al. (7) are included to compare with new data).
All systems were first energy-minimized and equilibrated in the NVT ensemble for 0.5 ns with all atoms except the lipid acyl chains harmonically restrained. The system was then equilibrated in the NPT ensemble with only the protein and pigments restrained for~150 ps to allow water molecules to hydrate the membrane-protein assembly and the size of the simulation cell to stabilize. Finally, the system was equilibrated in the NPT ensemble without restraints. Simulations were performed using NAMD 2.6 (15) and the CHARMM27 force field with CMAP corrections (16, 17) . The equations of motion were integrated using a multiple time-stepping algorithm in which bonded interactions were evaluated every 1 fs, short-range nonbonded interactions every 2 fs, and long-range electrostatics interactions every 4 fs. Short-range nonbonded interactions were truncated smoothly with a spherical cutoff radius of 12 Å , and a switching distance of 10 Å . Long-range electrostatic interactions were calculated with the particle-mesh Ewald method (18) , with a grid point density of~1/Å 3 .
LH1 monomer
Modeling of a Rps. acidophila LH1 monomer began from the Rb. sphaeroides LH1-RC-PufX model (note that PufX is a small protein consisting of a single transmembrane helix, the presence of which induces LH1 to form dimers rather than monomers) constructed in Chandler et al. (7) . 
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Because of the lack of a high-resolution structure for any of the components of the Rps. acidophila LH1-RC complex, homology models were built. LH1a and LH1b show 53% and 41% sequence identity, respectively, between Rps. acidophila and Rb. sphaeroides. As no sequences could be found for the Rps. acidophila reaction center (RC) components, the RC from Rb. sphaeroides was used (PDB entry 1PCR). Because the RC is enclosed by LH1, we do not believe it plays a significant role in LH1-LH2 interactions. A circular, symmetric ring of 16 LH1 a/b subunit pairs was built around the RC in accordance with the position of the RC in the Rb. sphaeroides LH1-RC monomer originally constructed in Hu and Schulten (19) . The resulting model was placed in a mixed POPE/POPG bilayer, solvated above and below, and then simulated for 10 ns. The LH1 monomer adopted a slightly elliptical shape, with the major axis corresponding to that of the RC, as expected from experimental images (20) (21) (22) (23) (24) (25) (26) . The 10-nsequilibrated model of the LH1 monomer was then used for building the LH1/LH2 assembly. The LH1-LH2 system contained 1.7 million atoms and was simulated for 14 ns.
RESULTS
The curvature of the LH2 protein patch was analyzed by calculating the average tilt angle of the six peripheral LH2s with respect to the central one. Using the relation
where h is the height of LH2 (h ¼ 50 Å ), d is the distance between the centers of two adjacent LH2s, q is the tilt angle, and R is the radius of curvature, we can then convert the tilt angle to an approximate radius of curvature (see Fig. 2 F for derivation). For perspective, radii of vesicular chromatophores typically range from 150 to 400 Å (4) . We analyze the curvature of the protein patch rather than the curvature of the surrounding lipids because the curvature arises from the packing of the proteins, with the lipids accommodating the curved hydrophobic transmembrane region of the proteins.
Sparse versus packed LH2 arrangements for Rps. acidophila and Rb. sphaeroides
We explored the effect of packing on LH2 curvature for two species, Rps. acidophila and Rb. sphaeroides. Tilt angle versus simulation time is plotted for each species and each packing arrangement in Fig. 2 Simulation of Phsp. molischianum LH2 and comparison of the three LH2 species
In addition to the previous simulations, a simulation was performed with closely packed Phsp. molischianum LH2s. Phsp. molischianum LH2 has only eight subunits, in contrast to the nine-subunit LH2s of Rps. acidophila and Rb. sphaeroides. The tilt angles resulting from these simulations can be seen in Fig. 2 B. The Rps. acidophila, Rb. sphaeroides, and Phsp. molischianum systems equilibrated to final tilt angles of
Protein-lipid interactions
An analysis of hydrogen-bond formation between protein and lipids was also carried out. As many as 200 hydrogen bonds total formed between all seven LH2s and lipids over the course of each simulation; these bonds were equally distributed between POPE and POPG lipid molecules, indicating no preferential binding for either lipid type to LH2 (see Fig. S1 in the Supporting Material). Although the number of hydrogen bonds was similar for all three species, they are distributed differently in each, as seen in Fig. S2 . For Rps. acidophila LH2, an equal number of bonds between lipid and the cytoplasmic half and the periplasmic half of the protein form; however, in Phsp. molischianum and Rb. sphaeroides LH2, approximately twice the number of bonds are formed on the cytoplasmic half compared to the periplasmic half. The greater binding of lipids on the cytoplasmic half of LH2 for the latter two species likely results from a greater number of charged residues compared to Rps. acidophila LH2, and may enhance the curvature by amplifying the wedge shape of Phsp. molischianum and Rb. sphaeroides LH2.
Simulations of Rps. acidophila and Phsp. molischianum charged-residue mutants
Modified versions of the Rps. acidophila LH2 were constructed and simulated. These modified LH2s fall into two categories: LH2s in which charged residues were mutated into alanine, and LH2s in which charged residues were changed to uncharged analogs. These simulations were identical to the closely packed LH2 simulations, except that the wild-type LH2s were replaced with these modified versions.
The alanine-replacement mutants were found to nearly eliminate curvature for Rps. acidophila; over 13 ns, the LH2s stabilized to a final tilt angle of~3.0 , giving a radius of curvature of 1446 Å , quite shallow compared to the wildtype system. One of these mutant LH2s contained no charged residues, i.e., all of the charged residues (glutamate, aspartate, lysine, arginine) were mutated to alanine. The original and altered amino-acid sequences are shown in Biophysical Journal 97(11) 2978-2984 Fig. 1 . This mutation did not appear to destabilize the LH2s (see Fig. S3 for root mean-square deviation data), but perturbed the interactions of neighboring LH2s such that it reduced their tilting behavior. The second mutant contained no charged residues on the cytoplasmic side, but the periplasmic charged residues (which are accessible to solvent and not well conserved) were left intact. The behavior of the two mutants was nearly identical, the first giving a final tilt angle of 3. 4 5 0.4 and the second giving 2.9 5 0.3 . A mutant version of Phsp. molischianum was also constructed in which all of its cytoplasmic charged residues were mutated to alanine. This mutation reduced, but did not eliminate, the curvature-inducing behavior of Phsp. molischianum LH2, decreasing the final tilt angle from 11.2 5 0.3 to 8. 6 5 0.4 . The Rps. acidophila neutral LH2 simulation showed reduced curvature, with a final tilt angle of 6.0 5 0.3 , but the effect was less dramatic than for the alaninereplacement simulation; the Phsp. molischianum neutral LH2s showed roughly the same curvature (10.7 5 0.3 ) as the wild-type Phsp. molischianum LH2s. The chargedresidue mutant results are shown in Fig. 2 , C and D. These mutations also resulted in the formation of fewer hydrogen bonds between LH2 and lipids (as much as 33% less in the case of the Rps. acidophila alanine-replacement mutant, see Fig. S4 ). This reduction was greater for the cytoplasmic half of the protein than the periplasmic half, thereby also reducing any potential contribution to LH2's effective shape. The fact that removal of the charged residues changed the overall curvature suggests that electrostatics plays a role in curvature formation. That the mutant systems behaved differently from the neutral systems implies that shape is also important, as the neutral LH2s preserved the shape of the LH2 protein whereas the mutant versions replaced bulky side chains by smaller alanine residues.
Analysis of nonbonded forces in the simulations points to electrostatics as the driving force responsible for LH2 curvature. In each system, we observe that the radial component of the total electrostatic force acting on the top, cytoplasmic half of an outer ring LH2 is always directed outward, whereas the force acting on the bottom, periplasmic half is directed inward; this is just the pattern of forces needed to produce the observed LH2 tilting. When van der Waals forces are added in, the total force experienced by an LH2 is quite small, which is reasonable, given the subtle nature of the LH2 rearrangement seen in the simulations. Although the variance of the time series is appreciable, the averages show again that the total forces acting on the top and bottom halves of an LH2 would produce tilting in the expected direction. This data is provided in Fig. S5 and Fig. S6 .
It seems likely that LH2-LH2 packing is also in some way responsible for curvature. In the cases of Phsp. molischianum and Rb. sphaeroides, the LH2s are already slightly wedge-shaped, with small protrusions on the cytoplasmic side that prohibit the proteins from packing as closely on top as they do on the bottom (an illustration of the radial profiles of each LH2 is given in Fig. S7 ). Rps. acidophila LH2 is slightly wedge-shaped, but in the opposite orientation, so its curvature cannot be explained by shape alone. However, all three proteins have many conserved charged residues on the cytoplasmic side, and the interaction of these residues may also modify packing in this region. We observe interactions between these residues in, for example, the formation of some inter-LH2 salt bridges (primarily bASP17-bARG20 in Rps. acidophila and bASP18-aLYS4 Mutating the (largely conserved) charged residues on the cytoplasmic side of LH2 to alanine substantially reduced the curvature-inducing properties of both LH2 species. Neutralizing the charged residues reduced curvature for Rps. acidophila but not for Phsp. molischianum, suggesting that electrostatic forces from charged residues play a greater role in Rps. acidophila than in Phsp. molischianum. and bASP18-bLYS21 in Phsp. molischianum) and of stacking interactions between neighboring bARG20s in Rps. acidophila. That the LH2 charge modifications affect packing is suggested by the van der Waals interaction energy of the seven LH2s, which is minimized as the LH2s seek their optimal packing. The van der Waals energy of the top half of the LH2s is consistently higher for the wild-type Rps. acidophila and Phsp. molischianum cases and lower for the chargeless mutant and neutral versions, suggesting better cytoplasmic packing for the modified LH2s (see Fig. S8 ). By contrast, the van der Waals energies for the bottom halves of the modified LH2s are more similar to the respective wild-types.
Simulation of an Rps. acidophila LH1 monomer surrounded by LH2s
Although multiple LH2s and a single RC-LH1-PufX dimer have been shown to induce membrane curvature in simulation (7), chromatophores typically contain mixtures of both proteins. The oligomeric state of LH1 varies depending on species, with monomeric LH1 typically found in species with lamellar chromatophores, e.g., Rps. acidophila, Phsp. molischianum, and Rhodopseudomonas palustris, whereas dimeric LH1 is found in species with spherical chromatophores, e.g., Rb. sphaeroides and Rhodobacter blasticus (25) (26) (27) (28) . In AFM images of different species, distinct organizations of monomeric or dimeric LH1 and LH2s become apparent (25, 27, 29) . For example, in Rb. sphaeroides stacks of LH1 dimers are seen, with large fields of LH2s in between the stacks (27) . In addition, in Phsp. molischianum, Rhodospirillum photometricum, and Rps. palustris, regions of wellmixed LH1 monomers and LH2s are observed, along with some regions of crystallized LH2s or LH1s alone, depending on their relative concentration (25, 26, 28, 29) . In the mixed regions, each LH1 contacts zero or one other LH1 and between six and seven LH2s (25, 29) .
To characterize an LH1 monomer's potential for curvature formation, we simulated a system of a single LH1 monomer surrounded by seven LH2s, all from Rps. acidophila, based on the organization observed in AFM images (25, 29) . As there is currently no structure for LH1 from Rps. acidophila, a homology model based on a previously constructed Rb. sphaeroides LH1 was built (see Methods) (7) . The LH2s were placed around LH1 in a closely packed configuration, with no lipid between each LH2 and LH1. After initial equilibration, the system was simulated for 14 ns. We observed no net curvature of the proteins or membrane in the simulation; the final state of the system is shown in Fig. 3 . We also measured the average tilt angle of the LH2s with respect to LH1 over time (see Fig. 3 ). After a period where the angle fluctuates around zero, the profile becomes nearly flat, with the angle stabilizing at~2. 5 . This angle corresponds to a chromatophore radius of >2000 Å , larger even than that observed for the chargeless LH2 mutants. By examining their sequences, we find that LH1b contains 13 more residues than LH2b; our model places most of the additional residues above the membrane on the cytoplasmic side. Therefore, although LH1b contains some charged residues on the cytoplasmic side, they are spatially separated from the LH2b charged residues. This separation explains why the presence of these charged residues should not affect LH1-LH2 packing on the cytoplasmic side.
DISCUSSION
In this report, we have summarized the results of several MD simulations that probed the formation of curvature by LH2s and by LH1 monomers with LH2s. We found that aggregates of seven hexagonally packed LH2s were capable of inducing curvature in all species examined (Rb. sphaeroides, Phsp. molischianum, and Rps. acidophila). We also found that the extent of this curvature is strengthened by close-packing and is likely caused by a combination of the physical shape of the proteins and interactions involving conserved charged residues on the cytoplasmic side of LH2. By contrast, an LH1 monomer surrounded by seven LH2s was not found to induce curvature, likely due to the absence of the electrostatic interactions seen in the LH2-only system.
We have suggested that chromatophore shape may depend on the organization of the photosynthetic proteins. This suggestion is based on observation of AFM images of chromatophore membranes, which have shown LH1 dimers in species with vesicular chromatophores (the LH1-only species Rhodospirillum rubrum excepted) and LH1 monomers in species with lamellar chromatophores (25, 27, 28) . It has been seen both in simulation and experiment that LH1 dimers are bent along their dimerizing interface and induce curvature on their own (7, 30, 31) , forming tubular chromatophores in LH2 À Rb. sphaeroides mutants (5, 6, 32) . Our results indicate, however, that LH1 monomers do not induce curvature, at least not when interacting with LH2s. We suggest that the inability of LH1 monomers to curve limits the curvature of LH2s in species with flat chromatophores; in contrast, the ability of LH1 dimers to curve may reinforce the curvature of LH2s in species with vesicular chromatophores. In support of this suggestion, Monte Carlo simulations of chromatophore proteins have also shown a connection between the local curvature generated by LH1 with LH2 and global curvature (8) . It must also be noted that other factors may determine chromatophore shape, such as lipid distribution and ion concentration, which are not accessible to simulations of the scale described here. Additionally, our 20-ns simulations are too brief to permit diffusion of lipids or proteins, and so cannot address how longer-term rearrangement of these factors affects the evolution of curvature in the forming chromatophore. Nevertheless, our results support the idea that the presence of closely packed LH2 and the oligomeric state of LH1 play roles in determining chromatophore shape.
There are still many unanswered questions regarding chromatophore shape and formation, and several experimental observations that cannot be explained by the simple ideas suggested in this article. The chromatophores of species like Rps. acidophila, Phsp. molischianum, and Rps. palustris are not merely flat, but form complex stacked lamellar folds, not unlike the grana seen in chloroplasts. It has been suggested that the stacking of these lamellae depend on some adhesion effect between LH1 monomers, analogous to the adhesion effect of the light-harvesting complexes in chloroplasts (33, 34) , and it has been shown in both systems that this adhesion is very sensitive to ion concentration. It is plausible that the presence of LH1 monomers is necessary for the formation of lamellar chromatophores, and that adhesion of the lamellae would overwhelm any curvature caused by LH1 or LH2. The LH1-only species Rs. rubrum and Rps. viridis both have monomeric LH1s (and no LH2s), but Rs. rubrum forms vesicular chromatophores whereas Rps. viridis forms lamellar folds (35) (36) (37) ; it seems therefore that the presence of LH1 monomers does not guarantee lamellae, and that chromatophore formation in these species must depend on other, more subtle factors than protein organization alone. The wealth of experimental observations on Rb. sphaeroides mutants provides its own set of mysteries. That wild-type bacteria and LH2-only mutants form small vesicles, whereas LH1-dimer-only mutants form tubules (5, 6) , is sensible according to our model. However, that LH1-monomer-only mutants (in which the dimerizing agent PufX is deleted) form large micrometer-sized vesicles or flat sheets (32) , and that mutants lacking PufX but retaining LH2s have been observed to form vesicles of unreported size (38) , are observations that are more difficult to explain. There remains much work to be done, both experimentally and computationally, to gain further insight into the function and ontology of these complex supramolecular assemblies. We intend to move to simulations of larger aggregates of LH2s and LH1 monomers and dimers in different arrangements. Some questions may also be addressable using coarsegrained representations of the proteins, in the spirit of the simulations reported in the literature (39, 40) , and such work is currently underway. Our results so far are unable to explain the vast and variegated cases of chromatophore formation observed in the literature, but we would like to continue studying the issue of chromatophore shape and hope that experimentalists may be inspired to continue to examine chromatophore formation via mutation studies.
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